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Abstract—In this paper, we explore the viability and possible
limitations of a time-shifted positioning process for location-based
logging in which we want to annotate certain events registered
on a mobile phone with location data. Instead of estimating the
position when the event occurs, the system stores the radio and
Wi-Fi data. At some later stage, this data is passed to a server
that transforms it into the respective position. This shifting of the
moment of positioning avoids frequent communications, saving
energy and possibly communication costs. We have conducted
a controlled experiment to assess the accuracy of the positions
obtained with this process and interestingly, they seem to suggest
that the approach is not only viable, but also more accurate than
the positions obtained in real-time.
Index Terms—Localization; Mobile computing
I. INTRODUCTION
Location information is critically important in mobile com-
puting [1] and mobile phones are becoming increasingly
effective in determining their own location. Considering their
widespread use and their continuous presence in people’s
lives, this represents a major opportunity for many sorts of
location-based logging. The popularity of platforms that offer
substantial data capture and connectivity capabilities, such as
Android and iPhone, is increasing even further the potential
of mobile phones to become powerful sensing devices for
uncovering new knowledge about the realities of our world
and about Human behaviour [2].
In our research, we have used mobile phones as the basis for
two types of location-based data collection: mobility patterns
and experience sampling. In the studies about mobility patterns
within the city, we need to collect traces of users moving
across the city in their daily life. In the experience sampling
studies [3], [4] we aim to register, either implicitly or as part
of an explicit user action, events of various types as they
occur in people’s daily lives, e.g. a person changing the mobile
phone’s ringer mode. These events need to be annotated with
location information as location is normally crucial for the
interpretation of the events.
A. Positioning in mobile phones
The availability of location information in mobile devices
has increased considerably in recent years. The Android plat-
form, in which we conducted this study, includes support for
the Google location API [5], [6]. This API allows the device
to calculate its position using multiple types of data providers,
the two most important ones being the GPS provider and
the network provider, which makes a combined use of GSM
and Wi-Fi data. With a GPS chip present, Android’s GPS
provider can serve up location information with a high degree
of accuracy and no data costs, but with high energy costs. If
the GPS information is not available, the network provider can
be used instead, but access to the Google service and therefore
data connectivity will be needed.
The information for the network provider is gathered
through the use of two Android APIs, the TelephonyManager
API1 and the WifiManager API2. The first API generates
information about the cellular network, such as the MCC
(Mobile Country Code), MNC (Mobile Network Code), Cell
ID, LAC (Location Area code) and signal level, for both
the cell that the device is connected as well as neighbouring
cells. The WifiManager API enables the device to perform
a scan of the surrounding area and, retrieve the BSSIDs
(MAC Addresses) and signal levels of all the detected Wi-Fi
APs. When an application calls the requestLocationUpdates()
method in the LocationManager API, this information is then
sent to an undisclosed Google service and the respective
position is returned.
B. Positioning requirements in location-based logging
The location requirements for location-based logging are
fundamentally shaped by the need to frequently determine the
position of the device, while minimising energy or monetary
costs. As part of our studies, we need to recruit people and con-
vince them to run our data collection applications on their own
mobile phones and as part of their normal daily activities. This
is crucial for generating realistic data and enabling larger scale
studies. However, they will not have any direct benefit from the
application or from the data they are generating. Therefore, it
is absolutely essential that the frequent positioning procedures
that are inevitable in a location-based logging application, do
not result in significant energy or monetary costs as otherwise,
they will become a severe obstacle to widespread adoption and
volunteer recruitment.
The first implication of these requirements was to com-
pletely avoid the use of GPS. We would always need another
solution because we need to consider indoor locations and
the continuous use of the GPS would necessarily result in
excessive power consumption. The second implication was to
1http://developer.android.com/reference/android/telephony/
TelephonyManager.html
2http://developer.android.com/reference/android/net/wifi/WifiManager.html0000–0000/00$00.00 c© 2011 IEEE
avoid communications and avoid depending on connectivity
altogether. In part this is also important to save energy,
but since many people will not have a flat rate data plan,
they will not accept the potential costs associated with data
communications. The independence from connectivity would
also allow us to perform the positioning without having to wait
for the availability of a network connection.
C. Time-shifted positioning
In most location-based services, location is normally part of
an interactive feature that needs to be immediately provided
to the user. A particular characteristic of our location-based
logging processes is that the position information is merely
used to annotate an event and if possible could be determined
later, at a more convenient time. Therefore, we sought to
address the above requirements by devising a process for time-
shifted positioning in which the data needed to determine the
position of the device is stored and the position is determined
later. Instead of estimating a position straight away, the system
stores the radio and Wi-Fi data that is normally used by the
location API on the device to determine the position. The
calculation of the location is deferred to a more convenient
occasion. When a connection is available, a batch of radio
and Wi-Fi information is sent to a server that will then use
that information to calculate the position. This approach does
not make any use of the GPS and may be used without
any data communications. Therefore, it is a very promising
approach for location-based logging applications in which we
need to generate frequent positioning records without forcing
the device owner to incur in significant power or network costs.
In this paper, we investigate the viability of this approach
and the respective implications. In particular, we seek to
understand to what extent a time-shifted approach may achieve
the same level of accuracy and precision, as an on-demand
approach.
II. RELATED WORK
In [7] the authors detail the creation and deployment of a
localization system based on Wi-Fi fingerprinting. The paper
focuses on the effect and efficiency of the method used for
acquisition of fingerprint data and, the influence that it could
have on the accuracy of the localization results produced.
Even though this work differs from our own, it enabled us to
realize that we needed to devise a protocol for data collection
that would ensure the best results possible and that would
accommodate for the variation in the network landscape.
In [8] we find a work similar, in nature, to our own but
with a different intent. The author used a mobile phone
(iPhone 3G) to collect location data (A-GPS, Wi-Fi and
Cellular positioning) at several distinct metropolitan locations,
much like we did. With this, the author intended to test the
accuracy of each of the iPhone’s positioning methods against
a benchmark location (ground truth), whereas we set out to
test the accuracy of a time-shifted location calculation (with
Wi-Fi and GSM data), against the location data provided by
the device on-site.
TABLE I
CLASSIFICATION AND REFERENCES FOR DATA COLLECTION LOCATIONS.
Ref ID Type
L1 Home 1 Outdoor
L2 Campus canteen Outdoor
L3 Campus room 1 Indoor
L4 Campus cafeteria Indoor
L5 Campus library Indoor
L6 Campus outside Outdoor
L7 Cafe´ in the city Indoor
L8 Home 2 Outdoor
L9 Street 1 Outdoor
L10 Street 2 Outdoor
L11 Cinema Indoor
L12 Restaurant Indoor
III. TESTING PROCEDURE
To investigate the viability and limitations of time-shifted
positioning in an off-the-shelf mobile phone, we have devised
a controlled experiment in which we conducted multiple
positioning calculations at known locations using both the real-
time and the time-shifted positioning.
We have selected a total of 12 locations for capturing the
data. Considering that the nature of locations may affect the
quality of the positioning process, we chose a diversified set
of locations, including urban and rural areas. In particular,
we have selected 6 indoor locations and 6 outdoor locations.
Also, to address the fact that different locations may have
much stronger and much more frequent variation in their Wi-Fi
radio landscape than others, we included 5 location on campus,
where we would expect the radio landscape to be more stable,
and 7 on other locations across town, where a more dynamic
landscape would be expected. The complete location list is
described in Table I.
Additionally, we have defined a data collection schedule
that ensured that the readings made at each location occurred
at different times of the day and, we have defined a data
capture protocol that explicitly addressed the possible effects
that the time already spent at a location could have on the
respective results. More specifically, we defined the following
procedures:
• The mobile device had to be active and running the
data capture application at least five minutes before
approaching the registration point;
• Upon reaching the registration point a record was imme-
diately generated;
• After two minutes at the registration point a second record
was generated;
• After four minutes at the registration point a third record
was generated.
A. The Android application
To support the data collection process, we have developed
an Android application to generate position records. Each
record comprises the following information:
• Reading ID: A unique hash generated from the times-
tamp;
• Timestamp: A timestamp of when the reading was done;
• LocationID: A key identifying the test location where the
reading was made;
• Real-time network position: The position of the device
as estimated at that moment using the network provider
of the Google Location API;
• Network landscape: This is the information about the Wi-
Fi and GSM landscape at the moment of the reading.
To execute the data collection protocol, the researcher would
activate the application at some distance from the reference
location. He would then approach the reference location and
immediately, upon arrival, trigger the data collection process.
This would immediately generate the first record. The re-
searcher would then wait at the reference location for the
application to automatically generate the second record, two
minutes later, and the third record, four minutes later. These
records were stored on the mobile device to transfer to a server,
at a later stage.
We have identified a shortcoming in the Android API that
limited the type of radio information we have used. When the
phone is operating in 3G mode the API returns -1 as the default
value for cell IDs and LAC of neighbouring cells. The only
valid information is for the cell to which the device is currently
connected. As a result, we decided to change the device
configuration to operate strictly in 2G mode. In this mode, we
were able to include all the information from neighbouring
cells, but we have ignored the possibly valuable contribution
that 3G cells could have for the positioning process.
B. Time-shifted positioning
The position records generated by the Android application
were uploaded to a server. Once in the server, a set of Perl
scripts were used to estimate the position using the network
landscape information collected at the location. The scripts
parsed each record and generated a JSON request with the
GSM and Wi-Fi information. This request was then posted
through HTTP to the Google geolocation service3 that returned
a JSON reply containing the estimated position. The script
decoded the JSON response and stored the respective position
as the time-shifted position for that record.
IV. RESULTS
Using the Android application we created position records
at the 12 locations during a three week period, with three
weekly observations at each of the reference locations, two
times a day. This resulted in a total 54 readings per location,
or 648 readings in total.
To compare the accuracies of the various sets of position
records, we have defined our ground truth by setting a ref-
erence position for each of the locations in our study using
the coordinates obtained from Google maps. Then, for each
location, we have calculated the distance from this reference
position to each of the position records, including the time-
shifted positions.
3http://www.google.com/loc/json
(a) Indoor locations
(b) Outdoor locations
(c) Campus locations
Fig. 1. Average distance in meters between locations and ground truth for
1(a) indoor, 1(b) outdoor and 1(c) campus
The graphics in Fig. 1 display the errors obtained for
particular groups of locations. In each graphic, we have the
average error for the first, second, and third reading, i.e. upon
arrival, 2 minutes later and 4 minutes later. For each of these 3
readings we show the average error obtained for the positions
that were calculated in real-time at the moment of the reading
and, the average error for the positions that were estimated
later on the server using the radio and Wi-Fi information
collected at the moment of the reading.
Fig. 1(a) shows the results for the set of indoor locations
in our study (6 locations). In this case there are no signifi-
cant differences across the various variables. Fig. 1(b) shows
the results for the set of outdoor locations in our study (6
locations). In this case, the positions calculated on the server
show significant improvements in accuracy. Fig. 1(c) shows
the results for the set of campus locations in our study (5
locations). In this case, the positions calculated on the server
also seem to be more accurate, although the differences are
not as relevant as in the outdoor scenario.
By using all of the available information (Wi-Fi+GSM), we
may have forced the system into producing results with better
accuracy than the one obtained on-site and that is probably
only based on Wi-Fi information, unless this is very poor or
non-existent, in which case, the GSM information is also used.
The positioning results obtained by the device on-site could
potentially be derived from only part of the available network
landscape data, for reasons of speed or efficiency vs. accuracy,
some sort of trade-off could be in place on the device. Also,
the outdoor locations we designated are all located in areas
with high residential density where there are always several
Wi-Fi networks, reason for which, the signal would always be
sufficient for performing localization even though its strength
is not as good as it is in indoor locations.
V. CONCLUSIONS AND FUTURE WORK
The main conclusion of this work is that a time-shifted
positioning process is a perfectly viable alternative approach
for our usage scenario and can even improve the accuracy of
the positions. This is a very important contribution to inform
the design of any sort of location-based logging tools in which,
as in our case, the position information is not needed at the
moment of logging. The second conclusion is that time spent
at the target location can slightly improve the accuracy of
the time-shifted positions, but the improvement is not very
significant. Moreover, there seems to be no gain whatsoever
in staying more than 2 minutes at a given location. Together
these two observations seem to indicate that this process will
perform well even for the generation of location traces in high
mobility scenarios.
A limitation of this study is our lack of knowledge about
the internals of the Google location API. There are no public
details about how it uses the radio and Wi-Fi information to
calculate position, and whatever the current approach might
be, it may suddenly change without any prior announcement.
Such changes could possibly affect the results obtained in
this study and lead to potentially different conclusions. Also,
the internals of specific devices and particularly their support
for capturing radio and Wi-Fi information may also vary and
lead to potentially different results in specific types of mobile
phones.
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